OVER THE LAST FEW YEARS, DIFFERENT members of the Na-K/H-K-ATPase gene family have been identified and localized in various epithelia within the kidney (10, 12, 25) . There is a high abundance of Na-K-ATPase along the basolateral membrane of various nephron segments (11) , with the highest activity occurring in the outer medulla (thick ascending limb; TAL). Na-KATPase is involved in the development and maintenance of transmembrane Na-K electrochemical gradients that, in epithelial cells, are necessary for Na ϩ reabsorption and K ϩ secretion. In terms of the two other subgroups of this ATPase family, different isoforms of both the gastric H-K-ATPase and the colonic (nongastric) H-K-ATPase exist in the kidney (12, 25) and are located mainly in the distal nephron. Presently, it is thought that these ATPases play a role in K ϩ absorption and urinary acidification. It has been thought that Na-K-ATPase activity and, consequently, the capacity for transepithelial NaCl transport are relatively low in macula densa (MD) cells, at least compared with the adjacent cortical TAL (cTAL). This was based, in part, on previous work (21) that demonstrated very low Na-K-ATPase activity in MD cells. This finding is intriguing, because these cells are located at the end of cTAL and act as sensor cells, detecting changes in luminal NaCl concentration ([NaCl] L ) and sending signals to the mesangial-afferent arteriolar complex (tubuloglomerular feedback; TGF) (20) . MD cell signaling has been shown to involve apical NaCl transport mechanisms, including a furosemide-sensitive Na ϩ -2Cl Ϫ -K ϩ cotransporter (3, 19) . Also, the type 2 Na ϩ /H ϩ exchanger isoform (NHE2), another Na ϩ -entry pathway, is located at the apical membrane of MD and cTAL cells (15) . It has been suggested that transport-induced secondary changes in intracellular [NaCl] are critically important in MD cell signaling. This controversy, i.e., importance but scarcity of NaCl transport, suggests a unique way of Na ϩ handling in MD cells. Therefore, the purpose of these studies was to measure transport-related changes in MD intracellular [Na ϩ ] ([Na ϩ ] i ). For comparison, similar transport measurements were obtained in adjacent cTAL cells. These studies demonstrate that MD cells possess an apical H(Na)-KATPase that may be the primary Na ϩ -efflux pathway for these cells. Similarity in pharmacological profiles of the MD and distal colon H-K-ATPases indicates that MD cells express a form of the colonic H-K-ATPase.
MATERIALS AND METHODS
Tubule and colonic crypt preparation. We isolated and perfused cTALs with attached glomeruli dissected from kidneys of rabbits kept on a standard diet [15% rabbit diet (W) 8630, Teklad, Madison, WI] as described earlier (14, 15) . This preparation contains the otherwise inaccessible MD cells and allowed us to manipulate the composition of the tubular fluid at the apical side (perfusate) independently from the basolateral interstitium (bath). The dissection solution was a modified Ringer solution composed of (in mM) 25 NaCl, 5 KCl, 1 MgSO 4, 1.6 Na2HPO4, 0.4 NaH2PO4, 1.5 CaCl2, 5 D-glucose, 5 HEPES, and 125 N-methyl-D-glucamine-cyclamate and adjusted to a pH of 7.4. Tubules were cannulated and perfused with this same Ringer solution. The preparation was bathed in 150 mM [NaCl] Ringer solution continuously aerated with 100% O 2 and exchanged at a rate of 1 ml/min. Temperature was maintained at 37 o C. Individual crypts of the distal colon from rabbit were also hand-dissected and perfused with methods similar to those used in perfusing kidney tubules.
[Na ϩ ]i measurement. [Na ϩ ]i of MD, cTAL cells, and the upper third of colonic crypt epithelial cells, known to express the H-K-ATPase (18), was measured with dual-excitation wavelength fluorescence microscopy (Photon Technologies, Princeton, NJ) by using the fluorescent probe sodium-binding benzofuran isophthalate (SBFI; Teflabs, Austin, TX) with techniques similar to those described for Ca 2ϩ and intracellular pH (pH i) measurements (14, 15) . SBFI fluorescence was measured at an emission wavelength of 510 nm in response to excitation wavelengths of 340 and 380 nm, alternated at a rate of 25 Hz by a computer-controlled chopper assembly. An adjustable photometer sampling window (15) was positioned over the whole MD plaque (consisting of ϳ15-20 cells), and emitted photons were detected by a Leitz photometer that was modified for photon counting. Magnification was ϫ400 by using an Olympus ϫ40 UVFL lens. Cells were loaded with the dye by adding SBFI-acetoxymethyl ester (AM; 20 M) dissolved in DMSO to the luminal perfusate. The nonionic surfactant, Pluronic F-127 was added (1 mg/ml) to DMSO to facilitate loading, which required ϳ15 min, and then luminal SBFI-AM was removed. After a further ϳ15 min of exposure to the control perfusion solution, fluorescence intensities for both wavelengths stabilized at constant levels. SBFI fluorescence ratios (340/380 nm) were converted into [ Immunohistochemistry. Rabbit kidneys were perfusionfixed, and tissue sections were processed as described earlier (15) . Sections were blocked with goat serum (1:25) and incubated for 1 h with the highly specific monoclonal antibody ␣6F (Developmental Studies Hybridoma Bank, University of Iowa; no dilution of the supernatant), which recognizes the Na-K-ATPase ␣ 1-subunit in various species (2). This was followed by a 40-min incubation with fluorescein-conjugated goat anti-mouse IgG (Vector Labs, 1:200). Sections were mounted with Vectashield media containing 4,6-diamino-2-phenylindole (DAPI) for nuclear staining (Vector Labs). Tissue sections were examined with an Olympus IX70 inverted epifluorescence microscope using a UApo/340 ϫ40 objective. Images were captured using a SenSys digital camera and IPLab Spectrum software equipped with a power microtome (Signal Analytics). Figure 5B summarizes studies in MD cells where the addition of ouabain to the perfusate nearly abolished K-dependent pH i -recovery, whereas Sch-28080 had no effect.
RESULTS

Transport-related dynamics of [Na
Effect of ouabain on the resting [Na ϩ ] i in the distal colon. To functionally identify the H-K-ATPase in rabbit MD cells, it was also necessary to characterize the pharmacological properties of the H-K-ATPase located in the rabbit distal colon. Using an approach that was similar to that used for the MD cells (Fig. 4) , we measured changes in resting [Na ϩ ] i in response to luminal ouabain and Sch-28080 (Fig. 6) . Bath ouabain ϩ -and Cl Ϫ -free conditions by bilateral Na ϩ removal, which inhibits Na ϩ /H ϩ exchanger activities. Readdition of 5 mM K ϩ to the lumen resulted in a partial pHi recovery. Subsequent luminal Na ϩ readdition caused a complete pHi recovery. For analysis of the H-K transport activity, we measured the initial rate of the K ϩ -dependent pHi recovery (⌬pHi/⌬t) using PTI software. B: effects of luminal 10 M Sch-28080 or 100 M ouabain on the initial rate of K ϩ -dependent pHi recovery. Values are means Ϯ SE; n ϭ 6 each. *P Ͻ 0.05, compared with control (t-test for 2 samples). Immunohistochemical localization of the Na-K-ATPase ␣ 1 -subunit. As illustrated in Fig. 7A , there was very little staining of the rabbit MD basolateral membrane with an antibody directed toward the Na-K-ATPase ␣ 1 -subunit. In contrast, adjacent cTAL cells and other surrounding nephron segments were strongly positive at the basolateral membrane.
DISCUSSION
These studies examined apical transport-related dynamics of [ was switched from 150 to 25 mM, thus providing a strong argument against passive efflux and suggesting that there is an active Na ϩ extrusion process. The most likely candidate for this Na ϩ efflux is the Na-K-ATPase, and, indeed, ouabain almost completely blocked the Na ϩ recovery phase (Fig. 3) . However, as shown in Fig. 4 , this effect of ouabain was unusual because it was effective from the luminal and not the basolateral side, where Na-K-ATPase is located. Because basolateral ouabain caused no significant change in resting [Na explained by diminished Na-K-ATPase activity in MD cells.
Functional identification of an H-K-ATPase in MD cells and its localization to the apical membrane were evaluated by assessing ouabain-sensitive K ϩ -dependent alkalinization on cell acidification imposed by prior bilateral Na ϩ removal. This experimental maneuver of cell acidification by removal of Na ϩ has been described for MD cells by our laboratory (15) and was also used in a previous study to characterize H-KATPase activity in the cortical collecting tubule (22) . Addition of 5 mM luminal K ϩ resulted in MD cell pH i recovery, and this recovery was abolished by the addition of luminal ouabain (Fig. 5B) . Because K ϩ at a concentration of 5 mM was used in the lumen during pH recovery, it is doubtful that there was significant proton efflux due to changes in cell membrane potential. Also, previous patch-clamp experiments (9) showed that the apical K ϩ channel in MD cells is almost completely inhibited by intracellular acidification to a pH of 6.8. Thus this K ϩ -dependent pH irecovery most likely occurred through the H-K-ATPase. Ouabain and Sch-28080 compounds are selective inhibitors for members of the Na-K/H-K-ATPase family (10, 12, 25) . Pharmacological profiles of members of this family have been very well documented on the basis of studies in the rat or in expression systems using the cloned rat protein. The Na-K-ATPase is inhibited by ouabain but is insensitive to omeprazol, an inhibitor of the gastric H-K-ATPase, and its derivative Sch-28080. Gastric H-K-ATPase is inhibited by both omeprazol and Sch-28080, but not by ouabain, whereas nongastric H-K-ATPases are sensitive to ouabain, with certain isoforms showing sensitivity to very high concentrations of Sch-28080 (10, 12, 25) . Drug sensitivity of the colonic H-K-ATPase in the rabbit has not yet been examined. Thus it was necessary to determine whether the rabbit colonic H-K-ATPase had a pharmacological profile similar to that found in other species such as the rat. Using an approach that was similar to what was used for the MD cell studies, we isolated and perfused individual crypts from distal colon and measured changes in resting [Na ϩ ] i in response to luminal ouabain and Sch-28080 (Fig. 6) . The findings of these experiments suggest that the H-K-ATPase, located in the rabbit distal colon, has a pharmacological profile similar to that in the rat, i.e., sensitive to ouabain but not Sch-28080 and, like MD cells, able to transport Na ϩ . Thus it can now be concluded that the ouabainsensitive but Sch-28080-insensitive luminal K-dependent pH i recovery (Fig. 5B) indicates the presence of an H-K-ATPase located at the apical membrane of MD cells that belongs to the colonic isoform/subgroup. It is important to mention that all of the preparations used in these studies were from animals kept on a standard diet. This indicates constitutively active colonic H-KATPase in MD cells, in contrast to the low-K ϩ -dietinduced isoforms in other nephron segments (7) . Our functional studies are further supported by recent work (23) that localized the HK␣ 2c protein (a splice variant of rabbit colonic H-K-ATPase) at the apical membrane of MD cells using immunohistochemistry. Another important aspect of the present work is that it may shed some light on the functional properties of HK␣ 2c , because it has not yet been functionally expressed in heterologous systems and characterized.
Further evidence for the scarcity of basolateral Na-K-ATPase (␣ 1 -subunit) in rabbit MD cells was obtained by immunohistochemistry. The staining of the MD basolateral membrane with an antibody directed toward Na-K-ATPase (Fig. 7A) was at the limit of detection. This is direct support for our functional studies, which demonstrated that bath addition of ouabain did not alter MD cell [Na ϩ ]. These results are also consistent with recent findings (1, 24) on the localization of the Na-K-ATPase ␣-and ␥-subunits in rat kidney. The ␥-subunit is a tissue-specific regulator of the functional activity of Na-K-ATPase in the kidney (1) and reduces the enzyme's affinities for its major physiological ligands, Na ϩ and K ϩ . The ␥-subunit is highly expressed in MD cells at the basolateral membrane but, interestingly, is absent in adjacent cTAL cells (24) . The colonic H-K-ATPase has been shown to assemble with different ␤-subunits in heterologous systems (7, 10, 12, 25) . The specific ␤-subunit involved in apical Na(H)-KATPase in the MD remains to be determined. It should also be mentioned that we have performed a number of studies using this same MD transport-measuring experimental protocol and have never found evidence for a loss of cell polarity. Thus under these experimental conditions it is very unlikely that ischemia caused rearrangement of basolateral Na ϩ pumps to the apical membrane of the MD cells in the isolated and perfused cTAL preparation.
In summary, we identified and localized, to the apical membrane of MD cells, a colonic form of H-KATPase. Functional and immunological evidence indicates that these cells do not express other K-ATPases, suggesting that this colonic H-K-ATPase is the primary regulator of MD cell [Na ϩ ] i . The interesting observation that both Na ϩ -influx and -efflux pathways are located at the apical membrane in these polarized epithelial cells offers a novel model of regulating cell [Na ϩ ] i , a Na ϩ -recycling mechanism. MD cells are not likely to be primarily absorbing epithelia but rather function as sensor cells that detect changes in [NaCl] L . The interesting finding is that MD [Na ϩ ] i reflects changes in [NaCl] L between 0 and 60 mM, a finding that is consistent with the function of MD cells in TGF signaling. It should be mentioned that the HK␣ 2 isoform knockout mouse has recently been established (13) , but TGF has yet to be examined. Further studies are necessary to determine whether the MD apical H-K-ATPase plays an important role in the sensor function of MD cells and in TGF signaling. We speculate that it is the presence of H-K-ATPase and lack of Na-K-ATPase that allows for such regulation of [ (6, 8) that examined Na ϩ transport via different isoforms of the nongastric H-K-ATPase in expression systems and also with more recent work (5, 16) using isolated apical membranes of rat distal colon. Wide distribution of HK␣ 2 protein in distal colon and nephron segments suggests that the colonic H-KATPase might also have a yet unrecognized physiological importance in Na ϩ transport and electrolyte homeostasis.
